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Membrane Separa t ion 

1. Discussion o f  the permeabi l i ty  c o e f f i c i e n t  

As ind icated i n  sect ion 4.2 o f  the NASA repo r t  on contract  NsG 81-60 cover ing 

the per iod of  March 1962 t o  A p r i l  1963, the pe rmeab i l i t y  c o e f f i c i e n t  can be 

obtained from e i t h e r  reg ion ( 6 )  o r  (C) o f  the permeabi l i ty  curve ( f i g .  1). 

Most o f  the i nves t i ga to rs  working w i t h  gas-membrane-gas systems have p re fe r red  

reg ion ( 6 )  probably because i t  i s  more r e a d i l y  ob ta inab le  f o r  systems o f  low 

permeabi l i ty  and a l s o  because by ex t rapo la t i ng  the l i n e a r  p o r t i o n  o f  the 

curve t o  the time axis, one can e a s i l y  o b t a i n  the time-lag, L, and subsequently 

the d i f f u s i o n  coef f ic ient ,  D, of  the so lu te  through the membrane by: 
( 1  1 

where 

X = membrane thickness, c m  

L = time-lag, sec 

D = d i f f u s i o n  c o e f f i c i e n t ,  cm /sec 

T = time f o r  steady-state, sec 
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The a v a i l a b l e  experinicntal data for gas-membrane-gas systems has revealed 

t h a t  the permeabi l i ty  c o e f f i c i e n t ,  K, can be descr ibed by the f o l l o w i n g  

r e  1 a t ionsh i p: (3)  

2) K = OS 

where 

cm3 (STP)  cm 

cm sec atm K = permeabi 1 i t y  coe f f i c i en t ,  2 

0 3  ( S T P ~  

cm3 atrn S = sol ub i  1 i t y  o f  the sol Ute i n  the membrane, 

When the s o l u t e  i s  a gas, then i t s  s o l u b i l i t y  i s  p ropor t i ona l  to the  

pressure i n  accordance w i t h  Henry's law, and i t s  d i f f u s i o n  can be 

described by F i c k ' s  f i r s t  law. The q u a n t i t y  o f  permeating gas, q, i s  then: (4) 

(PI - P,) 
3) q = DSA t 

X 

where 

A = membrane area, cm 2 

pl - p2 = pressure d i f f e r e n c e  across the membrane, atrn 

t = time, sec I 

q = amount o f  gas, 0 3  (STP)  
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The u n i t s  o f  S f o r  a gas are  the number o f  cm3 o f  the gas a t  Oo C and I 

atmosphere pressure t h a t  dissolves i n  1 cm3 o f  the membrane per atmosphere 

pressure. The corresponding so lub i  1 i t y  o f  a so lu te  d isso lved i n  a 

so lvent  would be the number o f  rnmoles o f  so lu te  d i sso l v ing  i n  1 cm3 o f  

membrane a t  a given temperature per molar concentrat ion o f  so lu te  so lu t ion .  

i n  the s o l u t i o n  case the pressure d i f f e rence  across the membrane i s  replaced 

by the concentrat ion d i f fe rence of  the so lu te  i n  m l e s  o f  s o l u t e  per m l  o f  

so lu t ion .  The corresponding q i s  expressed as the number o f  mmoles o f  the 

sol ute. 

A t  steady-state, q w i l l  be propor t ional  t o  the pressure d i f f e rence  (p, - p,) 

provided the pressures are  not too great. ( 5 )  As mentioned i n  sec t ion  4.2 o f  

the NASA report,  the permeabi l i ty  o f  C02 through rubber departs from t h i s  

l i n e a r  re la t ionsh ip .  

though less dramatic departure. Barrer(6) suggests t h a t  t h i s  departure i s  not 

due t o  a breakdown o f  the per fect  gas laws a t  these pressures, s ince Wustner's 

study o f  H2 through s i l i c a  w i th  pressures up to  800 atmospheres showed l i n e a r  

permeat ion  rate-pressure curves. 

a t  h igh  pressures i s  t h a t  the r e s u l t i n g  h igh  s o l u b i l i t y  o f  the  gas tends t o  

swel l  o r  deform the membrane by i t s  h igh  concentrat ion and thereby decrease 

the a c t i v a t i o n  energy b a r r i e r  governing the d i f f u s i o n  rate.  

the gas i n te rac ts  w i t h  the membrane are numerous: t y p i c a l  o f  such systems are  

H20 - ny lon and H20 - e thy lce l lu lose .  

C. E. Rogers, e t  al.,(8) w i t h  the conclusion t h a t  the departure from ideal  

behavior w i t h  increasing pressure i s  the r e s u l t  o f  swe l l i ng  o r  p l a s t i c i z i n g  o f  

Di f fus ion o f  H2 through rubber a l so  e x h i b i t s  a s i m i l a r  

(7 1 

One explanat ion o f  the enhanced permeabi 1 i t y  

Systems i n  which 

These systems have been stud ied by 
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Experimentally, K can be determined by 

slope I n  reg ion (B)  and then s u b s t i t u t  

d i f f e r e n t i a l  o f  q w i t h  respect t o  t (I 

p l o t t i n g  q versus t to o b t a i n  the 

ng the constant slope i n t o  the 

e., the d i f f e r e n t i a l  o f  eq. 3 ) :  

of the membrane by the H20 vapor. 

t o  some change i n  the d i f f u s i o n  process as opposed t o  a d e v i a t i o n  from the 

s o l u b i l i t y  predicted by Henry's law i s  supported by the occurrence o f  the 

same phenomenon i n  a system t h a t  i s  Independent o f  Henry's law, i.e., the 

d i f f u s i o n  i n  s o l i d  so lu t i ons  o f  metals. 

d i f f u s i o n  c o e f f i c i e n t  o f  copper i n  n i cke l  i s  dependent on the concent ra t ion  

o f  copper i n  the n i cke l  and tha t  the d i f f u s i o n  c o e f f i c i e n t  increases r a p i d l y  

when the copper concentrat ion exceeds 70$. 

That the enhanced permeabi l i ty  i s  r e l a t e d  

Mantano") has shown t h a t  the 

where 

mmo 1 es c = - ,  P i n  

RT m l  

R = ideal  gas constant 

0 T = absolute temperature, K 

K i n  u n i t s  o f  

cm3 (''') cm f o r  the case o f  (pl - p,) 
cm sec atm 2 

and 

2 K i n  u n i t s  o f  cm /sec f o r  the case o f  ( C  - C,) 1 



I t  can be seen t h a t  eq. 4 i s  o f  the same form as F i c k ' s  f i r s t  law, i.e., 

dc 
dx 

J = - D  - 

where 

mmol es 

cm sec J = f l ow  r a t e  o f  solute, 2 

2 
D = d i f f u s i o n  c o e f f i c i e n t ,  cm /sec 

dc mmol es - = concentrat ion gradient, dx 4 
cm 

so t h a t  when 

. & r  
d t  A J =  

and 

-dc 
= dx 
- c 1  - c2 

X 

then 

D i n  F i c k ' s  f i r s t  law becomes the pe rmeab i l i t y  c o e f f i c i e n t ,  K. 

Calculat ions o f  the permeabi l i ty  c o e f f i c i e n t ,  K, i n  reg ion ( C )  can be made 

by measuring the decrease i n  the upstream concentrat ion w i t h  time. 

assuming t h a t  the downstream concentrat ion i s  n e g l i g i b l e  w l t h  respect t o  the 

upstream concentration, the deplet ion o f  the s o l u t e  from the upstream chamber 

w i t h  t ime can be described as a f i r s t  order process dependent o n l y  on the 

amount o f  so lu te  i n  the upstream chamber, i.e., 

By 



where 

n = t h  mmoles o f  so lu te  i n  the upstream chamber 

H = a constant 

- dn = the change i n  the mmoles o f  s o l u t e  i n  the upstream chamber w i t h  time. 
d t  

rearrangi  ng and i ntegra t i ng 

-In n = H t  + constant 

eva lua t i ng  the constant a t  

t o o  

- I n  n = constant 
0 

so 

- I n  n = H t  - Ino 

o r  

I n  n = - H t  + I n  no 

-H t 7) n = nne 

. 

H can be evaluated by consider ing that :  

-dn CICJ (see eq. 4)  
d t  = d t  



so that 

where 

and s 1 nce 

n 
= v1 

where 

V1 = upstream chamber volume, cm 

then 

3 

o r  

and substituting this value into equation 7, 

n = n  e 
0 

Dividing both sides of the equation by V1, one obtains the upstream chamber 

solute concentration as a function o f  time: 

I 8, 5 , t  = 5 , o  e 

Investigators using region (C) of the permeability curve (mainly those 

concerned with dialysis) have developed a somewhat independent set o f  

units from the investigators using region ( B )  (mainly those concerned with 



gas-membrane-gas sys terns). 

data i n  u n i t s  o f  half-escape times ( t h e  time need f o r  ‘l,t = l /2) .  

For example, Cra ig ( l o )  has chosen t o  record h i s  

For f a s t  

5 , o  

solute-membrane systems t h i s  i s  a convenient way t o  represent the data, 

provided the apparatus and membrane constants a re  g iven so t h a t  the h a l f -  

escape times can be compared w i t h  o the r  sources. 

2. Values o f  the permeab i l i t y  c o e f f i c i e n t s  f o r  C02 

I n  searching the l i t e r a t u r e  f o r  C02 permeab i l i t y  data, the fo l l ow ing  a r t i c l e s  

and books have been the most h e l p f u l  and have provided C02 data f o r  some 50 t o  

6G hydrophobic membranes: 

1 .  R. M. Barrer, D i f f u s i o n  i n  and Through Solids, Cambridge Univ. Press, N. Y. 

(1951) 

2. D. W. Brubaker and K. Kammermeyer, I E / C  44 (1952) 1465 

3. H. E. Huckins and K. Kammermeyer, Chem. Eng. Prog. 49 (1953) 180 

4. K. Kammermeyer, I E / C  - 49 (1957) I685 

5. D. F. Othmer and G. J .  Frohlich, I E / C  9 (1955) 1034 

6. B.  Ruedi e t  A. Fleisch, Helv. Physiol.  Acta. - 20 (1962) 193 

7. S o  8. Tuwiner, D i f f u s i o n  and Membrane Technology, Reinhold Pub. Corp., 

- 
- 

N. Y. (1962) 

8. G. J .  van Amerongen, J. Appl. Physics (1946) 972 
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I n  order t o  convert the permeabi l i ty  c o e f f i c i e n t s  having a v a r i e t y  o f  u n i t s  

t o  the common u n i t s  o f  cm /sec so that  the c o e f f i c i e n t s  could be e a s i l y  
2 

compared and a l s o  i n  a7form read i l y  used i n  F i ck ’ s  f i r s t  law, the conversion 
ern' cm Hq pressure d i f f e rence  

f a c t o r  o f  8.31 x 10 was ca lcu lated f o r  pressure 
cm’ ( STP) 

d i f ferences measured a t  25’ C (sec. 5.5). 

I n  the fo l l ow ing  t a b l e  a r e  l i s t e d  the C02 permeabi l i ty  c o e f f i c i e n t s  f o r  some 

membranes tha t  are h i g h l y  permeable t o  CO the c o e f f i c i e n t s  have a l l  been 

converted t o  u n i t s  o f  cm /sec. 

2; 
2 

Table I 

Membranes o f  high C02 permeabi l i ty  

Membra ne - C02 permeabi l i ty  c o e f f i c i e n t  a t  room temperature 

(4,6) ( re f s .  l i s t e d  above) 
S 11 icone rubber 2 to 3 10-5 

(2) 
Po 1 yv i ny 1 ch 1 o r  i de I 10-5 
w i t h  20 pa r t s  o f  d i  
(2-ethy l  hexyl)  
p h t a l  a t e  p l a s t i c i z e r  

Natural  rubber 1 x 
(5,4) 

T e f l o n  

Polyethylene 

Porous glass 

The above c o e f f i c i e n t s  are, i n  general, averages from more than one laboratory .  

Since the permeabi l i ty  c o e f f i c i e n t  i s  temperature dependent, i.e., K = KO e 

where KO, A and R are  constants,(3) and i n  some o f  the cases the temperatures 

-A/RT 



were somewhat d i f ferent, these numbers represent approx lmat ions t o  the 

permeabi 1 i t y  a t  25' CI 

c o e f f i c i e n t  t o  C02, i t  seems doubt fu l  t ha t  i t  would be an e f f e c t i v e  b a r r i e r  

t o  glucose so tha t  the most l i k e l y  candidate fo r  use i n  the separat ion o f  

C02 from glucose i s  s ii icone rubber. 

A1 though porous glass has the h ighest  pe rmeab i l i t y  

3. Prel lminary resu l t s  o f  the dye permeabil i t y  stud es 

O f  the hydrophobic membranes w i t h  h igh  p e r m e a b i l i t i e  

rubber, t e f l o n  and polyethylene have been measured f o r  t h e i r  pe rmeab i l i t y  t o  

Na2Fl (disodium f luorescein).  

t o  C02, s i l i c o n e  

The r e s u l t s  a re  1 i s t e d  below. 

Table 2 

Appa ren t  permea b 

S i  1 icone rubber 

Tef 1 on 

Polyethylene 

Membra ne Thickness 

7.7 m i l  

0.5 

1.0 

One cur ious resul  

l l t y  c o e f f i c i e n t  a t  25 2' C f o r  Na2F 

14 2 K x 10 , cm /sec 

6 Upstream 
Concentrat ion Time: 2 x lo5 1 x 10 

I .6 1 * 7  mmol es 0.226 ml 

0.101 6 4 

0.101 0.6 0.2 

6 2 x lo6 4 x IO sec 

2.0 2.5 

3 2 

0.15 0.2 

pe rs i s ted  i n  ,he polyethylene and t e f l o n  pe rmeab i l i t y  that  has 

s tud ies i s  t ha t  the apparent pe rmeab i l i t y  c o e f f i c i e n t  decreases w i t h  t ime and 

even tua l l y  reaches some minimum value. 

decrease i n  so lu te  flow across the membrane i s  t h a t  due t o  the h igh  concentrat ions 

The proposed explanat ion o f  t h i s  apparent 



. o f  dye used f n  the upstream chamber, there i s  a decrease i n  the e f f e c t i v e  

concentrat ion of  f ree H20 ava i l ab le  i n  the upstream chamber s ince some o f  

the H 0 i s  bound as hydrate complexes w i t h  the ionized dye. Probably the 

most s tab le  hydrates are those formed w i t h  the sodium ions o f  the dye. 

r e s u l t l n g  f ree  H20 concentrat ion d i f f e rence  across the membrane d fc ta tes  a 

ne t  back-di f fusion o f  H20 from the downstream chamber i n t o  the upstream 

chamber. 

membrane, re tu rn ing  i t  to the upstream chamber. Since the back -d i f f us ion  

o f  H20 increases w i t h  t i m e  t o  some steady-state flow, the apparent 

pe rmeab i l i t y  of Na F1 decreases w i t h  time t o  some minimum value. A f t e r  the 

back-di f fusion of  H20 has reached steady-state, the suspected r e s u l t  i s  t h a t  

the apparent permeabi l i ty  c o e f f i c i e n t  o f  the Na2Fl w i l l  increase s lowly  s ince 

the t ime- lag fo r  the Na F1 i s  an t i c ipa ted  to be long compared t o  the t ime- lag 

f o r  the back-di f fusion o f  H20. 

evidence f o r  t h i s  l a t t e r  point .  

2 

The 

This H20 f low leaches some o f  the d i f f u s i n g  Na2Fl out  o f  the 

2 

2 

The experiments t o  date provide inconclusive 

I n  some o f  the e a r l i e r  experiments w i t h  polyethylene, less concentrated 

so lu t i ons  and th i cke r  membranes gave higher apparent pe rmeab i l i t y  

c o e f f i c i e n t s .  

experiments). 

Two r e s u l t s  are tabulated below ( the  two values a re  independent 

Table 3 

Na2Fl - Polyethylene Apparent 

Permeabi l i ty  Coe f f i c i en ts  a t  25 + 2' C 

5 4.11 x 10 5 sec 
Ups t ream 
Concentrat ion Thickness Time: 3.43 x 10 sec 

mmoles 0.023 - m l  2 m i l  



These r e s u l t s  are consis tent  w i t h  the res i s ted  permeab i l i t y  hypothesis s ince 

the back-d i f fus ion o f  H20 would be decreased by the increased membrane 

thickness and by the decreased upstream concentrat ion, thereby increas ing 

the apparent permeabi l i ty  c o e f f i c i e n t .  I t  seems probable t h a t  the increased 

thickness argument i s  app l i cab le  i n  exp la in ing  why the apparent permeab i l i t y  

c o e f f i c i e n t  does not  decrease w i t h  time i n  the case o f  the s i l i c o n e  rubber 

ye thy  1 ene 

ene and t e f l o n  

bu t  does decrease w i t h  the th inner  membranes o f  t e f l o n  and PO 

( t a b l e  2). Some experiments using th i cke r  sheets o f  po lyethy 

could prove t o  be en l igh ten ing  on t h i s  po in t .  

Potter, e t  a l . ,  ( I 1 )  have s tud ied the e f f e c t  o f  H20 vapor on the permeab i l i t y  

o f  O2 through po lyv iny l  ch lo r i de  and nylon. 

apparent permeabi l i ty  of O2 i s  ass is ted  by H20 vapor d i f f u s i n g  i n  the same 

d i r e c t i o n  and i s  res i s ted  by H20 vapor d i f f u s i n g  i n  the opposi te d i rec t i on .  

The i r  data showed t h a t  the  

A n  experiment now i n  progress t o  inves t iga te  the hypothesis o f  res i s ted  

permeab i l i t y  indicates t h a t  Na2FI d i f f u s i o n  through t e f l o n  i s  res i s ted  by a 

f a c t o r  o f  about 30, i f  the upstream solvent  i s  ethanol and i f  the downstream 

solvent  i s  H 0 over the reverse s i t ua t i on .  This  data i s  tabulated i n  tab le  4. 

A technica l  repor t  by DuPont f o r  the permeabil i t y  o f  t e f l o n  t o  vapors gives 

the permeabil i t y  o f  H20 vapor as IO3 times the permeabil i t y  o f  ethanol vapor. 

2 

(12) 

. 
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Table 4 

Na2Fl - t e f l o n  apparent permeabi l i ty  c o e f f i c i e n t s  a t  25 + 2O C - 
-1  mmoles Na F1 concentrat ion = 2.2 t o  2.3 x 10 

2 m l  

Upstream 
S o l  vent 

"2O 

Ethanol 

Downstream 
Sol vent 

E t ha no 1 

H2° 

2 K, cm /sec 
5 t = 1.6 x 10 sec 

6 x 

2 IO+ 

The apparent pe rmeab i l i t y  c o e f f i c i e n t s  given i n  tables 2,3 and 4 a re  the 

i n t e g r a l  Coeff ic ients,  i.e., they have been ca l cu la ted  from the t o t a l  amount 

of  Na2Fl d i f f u s i n g  through the membrane dur ing the t o t a l  t ime o f  the run, 

whereas the c o e f f i c i e n t s  usual ly a r e  expressed as a d i f f e r e n t i a l  c o e f f i c i e n t  

and a r e  found from the slope o f  the permeabi l i ty  curve a t  some time, e.g., i n  

reg ion (B)  o f  the permeabil i t y  curve. The i n t e g r a l  permeabil i t y  c o e f f i c i e n t s  

f o r  the Na2F1-hydrophobic membrane case (and i n  general for the substrate- 

hydrophobic membrane case) are the most useful  s ince they are e a s i l y  converted 

t o  the t o t a l  amount o f  so lu te  leakage occur ing du r ing  a given per iod o f  t ime 

( t h e  pe r iod  s t a r t i n g  w i t h  t i m e  = 0). 

I f  was found for  Na2FI and Na2E (disodium eosin) permeabi l i ty  t o  cel lophane 

t h a t  f o r  a given concentration, the time f o r  steady-state increased as the 

membrane thickness increased ( t a b l e  5).  

the square o f  the membrane thickness f o r  a constant upstream concent ra t ion  o f  

P lo ts  o f  t ime f o r  steady-state versus 



Upstream 
Concentration 

1.61 x 10 m l  

1.61 x 10-1 

1.61 x IO-’ 

1.61 x 10-1 

1.61 x 10-1 

1.61 x 10‘’ 

1.56 x 10” 

1.56 x 10-1 

1.56 x 10-1 

1.56 x IO-’ 

1.62 x lo-’ 
1.62 x IO” 

1.61 x IO-‘ 

-1 mmoles 

Table 5 

Na2E - Cellophane permeabil i t y  at 25 .f: 2OC 

a Membra ne 
Th i ckness 

1.5 mil 

1-5 

1.5 

1.75 

4.0 

4.0 

4. o 

4.0 

a. o 

16.0 

16.0 

20.0 

32.0 

2 ( Membra ne) 
(Thickness) 

1.4 x cm 2 

1.4 10-5 

1.4 10-5 

2.0 10-5 

1.0 

1.0 

1.0  IO-^ 
1.0 

4.1 

1.6 10-3 

1.6 10-3 

2.6 10-3 

6.6 x 

Time for 
S teady-S ta te, sec 

2 

2 

2 

2 

3 

3 2.9 x IO 
3 2.7 x I O  

1.8 x IO 3 

7.2 x io sec 

5.4 x IO 

5.7 x IO 

7.2 x io 
2.2 x IO 

3 5.9 x 10 
4 1.8 x 10 
4 

4 

4 

1.3 x I O  

2.2 x IO 

4.1 x IO 

All thickness measurements are for dry membranes. a 
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dye have a decreasing slope w i t h  increas ing membrane thickness ( f i g .  2). 

r a t e  o f  decrease o f  the slope also decreases w i t h  increasing membrane 

thickness. Since the d i f f u s i o n  c o e f f i c i e n t  i s  equal to the rec ip roca l  o f  

tw ice the slope (equat ion t ) ,  the d i f f u s l o n  c o e f f i c i e n t  i s  increas ing w i t h  

increas ing membrane thickness to  some constant value suggesting the e f f e c t  

o f  res i s ted  permeab i l i t y  by H20 decreases w i t h  membrane thickness. In the 

absence o f  the back-d i f fus ion  o f  H20 t h i s  data suggests the r e l a t i o n s h i p  o f  

t ime for steady-state and membrane thickness agrees w i t h  t h a t  found in  the 

case of  gas-membrane-gas sys terns, i . e., 

The 

T = B X d  

where 

T = t ime for steady-state, sec 

B = a constant 

X = membrane thickness, cm 

The experiments where the membrane thickness i s  he ld  constant and the upstream 

concentrat ion i s  var ied  are  compl i ca ted  by the add i t i ona l  f a c t o r  t h a t  the 

membrane i s  swelled o r  d i s to r ted  by the solute.  The expected decrease i n  

permeab i l i t y  o f  the so lu te  when the upstream concentrat ion i s  increased due 

to  enhanced back-d i f fus ion  o f  H20 i s  overcome by the augmented permeab i l i t y  due 

to increased swe l l i ng  o f  the membrane by the solute.  I n te rp lay  between the 

two fac to rs  i s  i n t e n s i f i e d  a t  h igh concentrat ions so t h a t  the measurements of 

the t ime for steady-state dependence on membrane thickness f o r  a h igh  upstream 

concentrat ion a re  meaningful over o n l y  a 1 im i ted  thickness range, and 1 ikewise 

the measurements of the t i m e  for steady-state dependence on upstream concentrat ion 



i .  

f o r  a constant membrane thickness are meaningful o n l y  over a 

concentrat ion range where the e f f e c t  o f  back -d i f f us ion  o f  H20 

i g i  b le.  constant i f  not neg 

i m i  ted 

i s  somewhat 

Using 4.0 m i l  t h i c k  cellophane t h a t  has been soaked i n  H20 f o r  longer than 

one day p r i o r  to the experiment and var ious concentrat ions o f  Na2E, the 

corresponding time f o r  steady-state and the apparent pe rmeab i l i t y  

c o e f f i c i e n t s  have been measured. The r e s u l t s  a r e  given i n  t a b l e  6. 

The 4.0 m i l  t h i c k  cellophane has given the most cons is ten t  r e s u l t s  f o r  the 

e f f e c t  o f  concentrat ion on the time f o r  steady-state experiments (compared 

t o  the o the r  s ing le  sheet thicknesses o f  1.5 and 1.75 m i l ) ,  however, a t  the 

h igh  concentrat ions th is  sytem a l s o  s u f f e r s  from the e f f e c t s  o f  the 

swell ing-back d i f f u s i o n  i n t e r a c t i o n  i n  a d d i t i o n  t o  the compl icat ions o f  

f luorescence measurements t h a t  accompanies the measurements o f  h igh  

concentrat  ions. 

When the l o g  o f  the time f o r  steady-state i s  p l o t t e d  versus the rec ip roca l  

o f  the concentration, the curve becomes l i n e a r  i n  the reg ion o f  low 

concentration, and the corresponding p l o t  o f  the time f o r  steady-state 

becomes l i n e a r  i n  the reg ion o f  h igh concent ra t ion  ( f i g .  3) .  

i n d i c a t e  t h a t  the time f o r  steady-state, T, i s  p ropor t i ona l  t o  both the 

rec ip roca l  o f  the concentrat ion and the exponential o f  the rec ip roca l  o f  the 

concentrat ion- These re la t i onsh ips  can take two poss ib le  forms: 

These r e s u l t s  



0 
8 

0 
0 
(u 

0 
0 - 0 

u! 0 

NIVV ' 1  



. 
~. .. 

Table 6 

+ o  Na2E - Cellophane (4.0 m i l )  permeabi l i ty  a t  25 - 2 C 

Upstream 
Concentrat ion 

-1 m l e s  1.61 x IO m, 

1.61 x IO-' 

1.56 x 10'' 

1.56 x 10" 

7.80 x 

3.12 x IOW2 

1.56 x 

8.07 x 

7.80 10-3 

3.12 x 10'3 

1.56 10-3 

45 3.2 x 

60 3.7 x 

Time for 
S teady-S t a  t e  

8 a  2 48 m i n  3.4 x 10- cm /sec 

36 2.8 x 

45 2.6 x 

30 3.5 x 

*08 

0-8 

-8 a 75 2.5 x IO 

108 2.25 x IO- 

99 2.32 x IO- 

192 1.58 x IO 

465 1.26 x 10 

8 a  

8 a  

-8 a 

-8 a 

D = =  X2 

0 2  1.8 x IO- cm /sec 

8 2.4 x IO- 

1.9 x 

2.8 x 

1.9 x 

1.4 x 

1.1 x 

7.9 10-9 

8.6 x IO-' 

4.5 10-9 

1.8 10-9 

a = ind icates the more accurate data w i t h  respect t o  the fluorescence 

mea 5 u remen t s . 



1 1/c T o e  7 e 

l o r  

. 

1 /c + e  T O C  -ij- 1 

Since the d i f f u s i o n  c o e f f i c i e n t ,  D, i s  propor t ional  t o  the rec ip roca l  o f  

T (eq. 1 )  then, 

D OC C e  -1/c 

1 
1 /c D O C  

1 / C  + e 

The p l o t  of log D versus 1 / C  appears t o  be l i n e a r  a t  large l / C  and the p l o t  

o f  l o g  D versus log  C appears t o  be l i n e a r  a t  l a rge  l o g  C, however, the slope 

o f  the log D versus log C p l o t  i s  d i s t u r b i n g l y  l / 3  instead o f  the expected 1 

from the above equations ( f i g s .  4,5). 

( c l a s s i f i e d  i n  terms o f  the es t  mated e r r o r  o f  the f luorescence measurements) 

versus the D values i s  l i n e a r  w t h  a slope o f  1.4 ( f i g .  6). 

to  the s o l u b i l i t y  o f  Na2E i n  cellophane expressed i n  u n i t s  of m l e s  o f  

Na2E per cm3 o f  cellophane per molar s o l u t i o n  o f  Na2E i n  H20 (eq. 2). 

The p l o t  o f  the best K values 

This corresponds 

A l l  o f  the permeabi l i ty  data f o r  the dye-cellophane experiments were 

obtained using f low pe rmeab i l i t y  c e l l s .  The f l o w  c e l l  d i f f e r s  from the 

t y p i c a l  no-flow c e l l  i n  t h a t  the downstream chamber o f  the f l ow  cell i s  

swept ou t  by a constant f l ow  o f  H20 i n  order  t h a t  the concentrat ion In  the 

downstream chamber be maintained n e g l i g i b l e  w i t h  respect t o  the upstream 
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. 
concentrat ion.  The f low ce l  Is are  useful  for s tudy ing f a s t  membrane-solute 

systems, s ince one can s t i l l  ob ta in  the t w o  important measurements o f  t ime 

for  steady-state and the value o f  the steady-state so lu te  f l o w  through the 

membrane. 

Several experiments w i t h  the dye-cellophane system now appear t o  be 

important before any def i n i  t ive statements about the general sol Ute- 

cel lophane system can be made. F i r s t ,  more data using th i cke r  membranes 

than 4.0 m i l  t h a t  v e r i f y  the above re la t i onsh ips  a re  needed. Second, the  

permeab i l i t y  and t i m e  for steady-state o f  dyes having d i f f e r e n t  molecular 

weights from Na2E and Na2Fl should be measured to i nves t i ga te  the r e l a t i o n s h i p  

between the time f o r  steady-state and the permeab i l i t y  c o e f f i c i e n t .  Third, 

t he  e f fec t  o f  pH on the permeabi l i ty  o f  a t  l e a s t  one dye should be 

inves t iga ted  for comparison of the permeab i l i t y  o f  the poss ib le  i o n i c  and 

molecular species o f  the  dye. 

constant NaCl concentrat ion i n  attempts to minimize the back-d i f fus ion o f  

H20 should be conducted. 

i s  t h a t  t he  presence o f  NaCl may overpower the e f f e c t  o f  the dye concentrat ion 

on the permeab i l i t y  of the dye. 

F ina l l y ,  an experiment using so lu t ions  o f  

One obvious d i f f i c u l t y  w i t h  t h i s  l a t t e r  experiment 

4 .  Discussion o f  the  separat ion o f  C02 f r o m  glucose 

Using the permeab i l i t y  data for  Na2Fl thmugh s i l i c o n e  rubber as a crude 

approximation to the  permeabi l i ty  o f  organic  metabol i tes and the publ ished 



data f o r  C02 permeabil i ty, one can approximate the separat ion t h a t  a s i l i c o n e  

rubber membrane would provide i n  a l i f e - d e t e c t i o n  device. For a 1 cm 3 r e a c t i o n  

2 
chamber w i t h  a membrane area o f  1 cm , the thickness o f  the membrane needed 

can be estimated from equation 4, i f  the concent ra t ion  o f  glucose i n  the 

reac t i on  chamber i s  molar and the amount o f  glucose d i f f u s i n g  through 

the membrane during the f i r s t  20 hours o f  the experiment i s  requi red t o  be 

no more than: 

= 7 x  991 ucose 

rr - 
Kglucose - KNa2F = 1.6 x 10- 14 cm 2 /sec a t  t = 2 x IO 5 sec ( t a b l e  2) 

4 t = 20 hours = 7.2 x IO seconds 

10-3 mmoles 
m l  c1  = 

x = 1.2 x cm 

For the s-.ne membrane and r e a c t i o n  chamber dimensions, the 

deplete 9 9  o f  the C02 produced i n  the f i r s t  I6 hours from 

amount o f  C02 corresponding t o  the d e t e c t a b i l i t y  l i m i t  o f  

the time f o r  steady-state i s  negl ig ib le ,  can be ca l cu la ted  

t ime needed t o  

the r e a c t i o n  ( t h e  

(3' dpm) assuming 

us i ng equat ion 8: 



. 
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so 
-KAt - xv 1 

e (eq. 8 )  - 5,t - cl,o 

becomes 4 3  10-5) ( 1 . 0 )  

(1.2 x (1.0) 10-l = e 

I n  IO-' = -2.5 x 10-3 t 

-2.3 = -2.5 10-3 t 

2 
t = 9.2 x IO sec = 15 min 

where 

2 K = 3 x cm /sec ( tab le 1) 
c02 

3 V1 = 1.0 cm 

3 A = 1.0 cm 

X = 1.2 x 10 cm 
-2 

We have not found data f o r  the d i f f u s i o n  coe f f i c i en t  o f  C02 through s i l i c o n e  * 

rubber so tha t  the assumption tha t  the time f o r  steady-state i s  neg l i g ib le  

can not be checked d i rec t l y .  A rough approximation, however, might be gained 

by subs t i t u t i ng  K i n t o  equation 1 f o r  D. Some j u s t i f i c a t i o n  for t h i s  i s  o f fered 

by data reported by van Amerongen fo r  the permeabi l i ty  o f  C02 through various 

types o f  rubber, a1 1 o f  which had D ? K. (3 )  



The t ime for stcady-state then i s  approximately, 

-2 2 
= 2.4 sec (1.2 x IO T =  

(2) ( 3  x lo-5) 

Thus, we would p red ic t  t h a t  a 1 cm scale device, w i t h  a s i l i c o n e  rubber 

membrane .012 crn th ick would exclude Na2FI ( ?  a l s o  glucose) to a l e v e l  

beneath the u l t imate  d e t e c t i v i t y  o f  CI4, and t ransmi t  90$ of  the l a b e l l e d  

C02 produced w i t h i n  the very reasonable i n t e r v a l  o f  15 minutes. 

mentioned i n  sect ion 4.2 o f  the NASA report,  f u r t h e r  s tud ies on labe l l ed  

metabol i tes w i l l  soon be under way. 

As 



t 

5 .  Calculatlons 

5.1 Theoretical maximum specif ic  a c t i v i t y  for  carbon-14: 

where 

tlI2(half-life) = 5.60 X 10 3 years = 2.94 x 12 min 

i f  

N = 1 mg-atom 
0 

then 

- dn = (.693) ( 6-  023 x 1 020 d i s i nteqra t ions/mg:a-tom) 

dt 2.94 x 109 min 

* = 1.42 x IO 1 1  dpm/mg-atom 
d t  

1 mcurie = 2.2 x 12 dpm 

so 

1.42 x 10'' dprn/mq-atom 
9 2.2 x 10 dpm/mc 

maximum spec i f ic  a c t i v i t y  = 

Maximum speci f ic  a c t i v i t y  = 65 mc/mg-atom 



5.2 Minimum number o f  molecules o f  C02 detectable: 

(lo2 dpm) (6 x IO2' molecules/mmoIe~ = 4.2 x 10l1 molecules number o f  molecules = 
9 (65 E) (2.2 x IO a) 

mmolc mc 

1 1  
5.3 Time needed for  an E. Col i  t o  produce 4.7 x IO 

The data are given by C l i f t o n .  

molecules o f  C02: 

(14 )  

Time, hour 

0 

1 

2 

3 

4 

3 

6 

Rate o f  CO, L product ion 

mm x 10 /ce l l /hour  molecules x 10 / ce l l / hou r  
3 -a 9 

_-- --- 
3-8 I .o 

6.7 1.8 

10.4 2.8 

11.1 3.0 

14.7 4.0 

7- 8 2.1 

conversion fac to r  f o r  m3 t o  molecules: 

measured a t  STP 

Assuming t h a t  the volume o f  C02 Is 

then 

16 3 number of  molecules = (6 x molecules) (1.0 mm') l/m ) = 2.7 x 10 molecules 
mol e 22.4 l /mole 

so 

3 1 mm / c e l l  /hour = 2.7 x 10l6 molecules/cel I /hour 



.- - .  
.- . 

The average C02 production ra te  over the six-hour period = 2.4 x 10 9 molecules/ 

cel  l /hour 

so 

the t i m e  needed to produce 4.7 x 10l1 molecules o f  C02/bacterium i s :  

2 11 
= 2 x 10 hours 4.7 x IO 

t i m e  = 
2.4 109 

5.4 

detect ion chamber during the f i r s t  20 hours o f  the experiment. 

Upper l i m i t  t o  amount o f  glucose that i s  allowed t o  d i f f use  i n t o  the 

390 mc 
mnole o f  glucose 

- - (6 mq-atoms o f  C)  
( m I e  o f  glucose) (mg-atom o f  C) 

(65 mc) spec i f i c  a c t i v i t y  o f  glucose = 

molecules o f  glucose = 10 = 7 x 10 molecules (lo2 dpm) (6 x lo2' molecules/mnole) 

(3.90 x 10 2 5) (2.2 x 10 9 d p m )  
mno1 e mc 

5.5 Calculat ion o f  the conversion factor  f o r  pressure d i f ference t o  

cm3 (STPI cm to cm mole 

cm sec cm Hg 2 
cm sec mole 2 concentrat ion difference, i.e., un i ts  of  

3 cm o r  

2 cm /sec 

1 cm 3 (STP) = 22.4 lo-' = 4.46 x lo'5 moles 



where 

p and p a r e  i n  atmospheres. 1 2 

0 
Since the pressures a r e  usually measured at 25 C, 

1 e t  

P I  - P2 = 1 cm Hg a t  25 0 C 

then 

A C  
cm Hg 

( 1 0 - 3  I/cm 3 ( 1  atd76 cm/Hg 1 = 5.38 ro-7 moles - -  - 
crn3 cm Hg ( .082 1-atm) (298  OK) .. 

mole "K 

cm3 cm Hq = 8.31 x I O  
crn3 (STP) cm3 (STP) 

cm3 crn Hg 

4.46 x IOe5 moles 
The conversion f a c t o r  = 

5.38 x moles 
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